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Abstract. Ordered ferromagnetic nanowire arrays are widely studied due to the
diversity of possible applications. However, there is still no complete understanding of
the relation between the array’s parameters and its magnetic behavior. The effect of
vortex states on the magnetization reversal of large-diameter nanowires is of particular
interest. Here, we compare analytical and micromagnetic models with experimental
results for three arrays of iron nanowires with diameters of 33, 52 and 70 nm in order
to find the balance between the number of approximations and resources used for the
calculations. The influence of the vortex states and the effect of interwire interactions
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on the remagnetization curves is discussed. It has been found that 7 nanowires treated
by a mean field model are able to reproduce well the reversal behaviour of the whole
array in the case of large diameter nanowires. Vortex states tend to decrease the
influence of the structural inhomogeneities on reversal process and thus lead to the
increased predictability of the system.
1. Introduction
The list of possible applications of magnetic nanowires is continuously expanding [1, 2,
3, 4, 5], that requires a deeper understanding of the remagnetization mechanism at the
nanoscale. Long-term and fruitful studies of nanowire arrays have significantly improved
the understanding of their magnetic properties [6, 7, 8, 9]. The first models describing
the magnetic properties of ferromagnetic nanowire arrays have been based on simple but
convenient assumptions. The model of coherent rotation has been used to describe the
remagnetization process and the interactions in the array have been taken into account
by considering the nanowires as point dipoles [10, 11]. However, the improvement of
synthesis methods [12, 13, 14, 15, 16, 17] as well as the new capabilities to investigate
individual wires [18, 19, 20] have shown that these models are often oversimplified. It
has been found that the magnetization reversal process in low-anisotropy soft nanowires
usually occurs via the motion of the domain wall if the field is applied along the nanowire
axis [6]. The type of the domain wall is determined by nonuniform states that are present
in the nanowire which in turn are connected with nanowire diameter (D) to exchange
length (lexch) ratio. The exchange length is defined as lexch =
√
2A/(µ0M2S), where
µ0 is a magnetic constant, A is an exchange stiffness constant and MS is saturation
magnetization. If the wire diameter is less than 7lexch, remagnetization should occur
due to movement of the transverse domain wall (TDW) [21, 22]. Otherwise, the vortex
(Bloch point) domain wall (VDW) may arise [23]. Pinning of the domain walls in real
systems may require some refinement of the models [24, 25, 26]. A more detailed picture
can be in principle obtained by micromagnetic simulations which can be applied to
systems that can not be handled by analytic models. But some issues arise along the way
in this case as well. For instance Bloch-point that is always present in VDW can not be
tackled in continuous models. Applying numerical simulations to systems with VDW can
lead to some undesirable artifacts [27]. Micromagnetic simulations are also limited by
the number of nanowires that can be considered. This may decrease the accuracy of the
results because of long range nature of inter wires interaction. However, in recent years,
some progress has been made in this area [28]. Nevertheless latterly exciting analytical
models of nanowire arrays remagnetization have been proposed [29, 30, 31, 32, 33, 34]. It
is interesting to compare them with micromagnetic simulations and experiments in the
case of some new systems. The purpose of this article is to match all these models and
find an approach that would maintain a balance between computational costs, simplicity
and agreement with the experiment. Deeper understanding of remagnetization behavior
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of nanowire arrays may be relevant for the design of new nanomagnetic systems and the
needs of spintronics [18] or medical applications [35, 36].
In order to compare several approaches, we have chosen iron nanowires as a testing
system. Iron is a suitable material due to several reasons. It possesses a small exchange
length that leads to the arising of non-uniform states even in the case of nanowires with
small diameters [37]. Moreover large saturation magnetization should enhance inter wire
interactions.
We consider the case when the nanowire diameter substantially exceeds the iron
exchange length of 3.5 nm although nanowires still remain nanoscale. Three different
D/lexch ratios of 10 (D = 33 nm), 15 (D = 52 nm) and 20 (D = 70 nm) have
been reviewed. The period of the structure a is 101 nm, which corresponds to the
most common interpore distance of porous anodic alumina used as a template for the
preparation of iron nanowires. The porosity value p = piD2/(2
√
3a2) in this case varies
from 0.097 to 0.44.
The branches of the hysteresis loops for the studied arrays of nanowire are very close
to straight lines. In this regard, it is convenient to compare the main characteristics
of these loops, namely: saturation field, coercivity and so called interaction field. The
latter can be defined as the difference between saturation field and coercivity [32].
2. Samples prepartion
In order to prepare ordered arrays of iron nanowires, a templated electrodeposition
technique with the use of porous anodic aluminum oxide (AAO) as a template was
used. At first, 100-µm-thick aluminum foil (99.99%) was electropolished in the solution
containing 1.85 M CrO3 and 13 M H3PO4, at 80
◦ C for providing a smooth metal
surface. Then aluminum was anodized using a two-step anodization technique in 0.3 M
H2C2O4 at 40 V. For this purpose, a two-electrode electrochemical cell with the Pt wire
as a counter electrode was used. The temperature of the electrolyte was maintained
constant at 0-3◦ C. After the first anodization step, a sacrificial AAO layer with a
thickness of 10 µm was etched away in an aqueous solution of CrO3 and H3PO4. Then
the second anodization was performed to form AAO porous film with a thickness of
35 µm. Aluminum remained after the anodization was dissolved in the solution of Br2
in CH3OH (1:10 vol.). Finally, a barrier oxide layer was etched in 3 M H3PO4 using the
electrochemical detection technique of pore opening moment [38]. This method allows
one to control the pores final diameter by holding the membrane in the acid for a certain
time after the pore opening moment (Fig. 1). The etching times after the pore opening
moment of 10, 27, and 45 minutes correspond to the AAO templates with the pore
diameters of 33, 52, and 70 nm, respectively. At the last stage of template fabrication,
a 200-nm-thick Au layer was deposited at the bottom side of the AAO templates by
magnetron sputtering.
Iron was electrodeposited from an electrolyte containing 0.5 M FeSO4, 0.5 M
Na2SO4, 0.4 M H3BO3, and 0.006 M ascorbic acid at room temperature in a three-
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electrode electrochemical cell. AAO with sputtered Au served as a working electrode, a
Pt wire ring was used as a counter electrode, a saturated (KCl) Ag/AgCl electrode
connected with the cell via Luggin-Haber capillary was a reference electrode. A
deposition potential of 0.8 V, as well as a short (0.1 s) nucleation potential pulse of 1.2
V, was applied using Autolab PGSTAT101 potentiostat. During the electrodeposition,
the electrolyte was rigorously agitated.
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Figure 1. Current transients registered during barrier layer etching.
3. Methods
3.1. Samples characterization
The morphology of iron nanowire arrays was studied by scanning electron microscopy
(SEM) using a Zeiss AURIGA Laser microscope. Fig. 2 demonstrates the top side
of the AAO template and a cross-section of Fe/AAO nanocomposite. The AAO
template possesses a well-ordered structure with uniform pores. To determine the pore
diameters and the distances between their centers, image processing with implementing
the Voronoi algorithm was carried out in Statistics2D software [39]. Experimental
distributions were approximated by the Gauss function. All geometrical parameters
of Fe/AAO nanocomposites are presented in Table 1 (the samples are denoted as Fex,
where x is the estimated pore diameter in nanometers).
The phase composition of iron nanowires was proved by a Rigaku D/MAX 2500 X-
ray diffractometer. The measurements were performed in the Bragg-Brentano geometry
using CuKα radiation (λ = 1.5418 A˚) in the 2θ range from 30 to 120 degrees. Prior
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Figure 2. SEM images of the top side of the AAO template with a pore diameter of
52 nm (a) and the cross-section of corresponding Fe/AAO nanocomposite (b).
Sample D, nm a, nm L, µm
Fe33 33 ± 2 30.1 ± 0.7
Fe52 55 ± 4 101 ±4 18.8 ± 0.6
Fe70 69 ± 7 26.9 ± 0.7
Table 1. Diameter (D), distance between centers of nanowires (a), and average
nanowire length (L) for the Fe/AAO nanocomposites according to SEM data.
to XRD measurements, the gold current collector was removed from the bottom side
of the AAO by ion etching in order to minimize the intensity of gold peaks. It can
be clearly seen that the main diffraction peaks correspond to the α-Fe phase (Fig. 3).
There are no peaks of any iron oxides in the XRD pattern. The peak at 2θ = 38◦ can be
attributed to some gold islands, which remained after ion etching. According to XRD
patterns, the intensities of the (211) and (220) reflections are lower than for the (110)
reflex. Consequently, the iron nanowires are texturized; some of the crystallites grow
along the [110] crystallographic direction. MarchDollase approach has estimated the
degree of preferred orientation to be about 50% [40, 41].
3.2. SQUID-magnetometry
Magnetization measurements were carried using a Quantum Design MPMS-5S SQUID
magnetometer at the Institute of Condensed Matter Physics (Braunschweig, Germany).
The magnetization reversal curves were measured in the range of magnetic fields from
–20 to 20 kOe with a step from 100 Oe to 1 kOe depending on the field range. All
measurements were carried out at a temperature of 300 K.
3.3. Analytical and micromagnetic models
Interaction field and coercivity were first calculated by analytical models. An interaction
field was considered as a maximal magnetic field produced by the nanowire array in
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Figure 3. XRD pattern of Fe/AAO nanocomposite with 33 nm diameter Fe nanowires.
a position of a particular nanowire. The nearest-neighboring nanowires were treated
directly using a surface charges model while the outer ones are considered using mean
field model. The field values were calculated at the assumed location of the nucleation
volume center. The resulting field depends only on the diameter to structure period
ratio D/a. The details are given elsewhere [30].
The value of the coercivity is strongly dependent on the nanowire reversal mode.
If the remagnetization occurs by means of the movement of the TDW one can use
the modification of the StonerWohlfarth model which takes into account domain wall
width [33, 34, 42, 43]. In the case of the VDW the coercivity of the nanowire can be
calculated using the relation between vortex state length and external magnetic field.
This can be found in turn by minimizing the vortex magnetic energy [32, 44]. Then the
coercivity can be defined as a field value at which the vortex length diverges. It seems
reasonable to apply VDW model to all of the considered nanowires arrays since their
diameter is higher than 7lexch ≈ 25 nm. However we have found out that TDW model
describes coercivity of the thinnest nanowires much better than VDW one as will be
shown below.
If the field is applied perpendicular to the long axes of the nanowires
remagnetization process can be considered as pseudo-coherent rotation. Most of the
magnetic moments remagnetized coherently except the moments located at the caps of
the nanowires (Fig. 8). Near saturation nanowires are almost uniformly magnetized and
hence the saturation field can be calculated as MS(1− p)/2 [6]. Coercivity is negligibly
small in this case.
Micromagnetic modeling was carried out by means of a numerical solution of the
Landau-Lifshitz-Gilbert (LLG) equation using the finite element method [45]. The
calculations were performed in terms of the Nmag package provided by the University
of Southampton [46]. The following bulk parameters of bcc iron were used for
modeling: exchange stiffness constant A = 2.1 ·10−11 J/m and saturation magnetization
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MS = 1.7·106 A/m [37]. The linear size of the finite element did not exceed the exchange
length, which is 3.5 nm for iron. The magnetocrystalline anisotropy energy of iron
(K1 = 5 ·104 J/m3 ) [47] is relatively small compared to other terms in the full magnetic
energy expression. Iron grains are mainy oriented along [110] crystallographic direction
which is a intermediate axis for BCC iron. Therefore magnetocrystalline anisotropy only
slightly changes the whole nanowire anisotropy [48]. Taking all these facts into account
we neglected anisotropy term in the first approximation. The length of the nanowires was
chosen to be 400 nm during the simulation, which is more than an order of magnitude
smaller than the length of the experimentally studied ones. Unfortunately, it is not
possible to calculate the magnetization distribution in long (20-30 µm) nanowires using
available resources. However, we have found that increase of the nanowire length to 700
nm does not affect the results of the simulations. We suggest that the aspect ratio of
the nanowires is high enough to capture the most significant magnetic properties of the
system. In addition, it should be noted that the results of the analytical and numerical
model are close to each other for D = 52 nm and D = 70 nm although the analytical
model assumes that the nanowires are long (see Section 4).
Calculations were performed for the arrays consisting of 7 and 19 nanowires. In
the case of a 19 nanowire array a macrogeometry (MG) approach was used as well [28].
It allows one to create copies of the studied system, which exhibits exactly the same
magnetization distribution, but their stray fields are taken into account. As a result it
becomes possible to incorporate the effects of the sample size and shape into the model.
Using this method, 100 copies of the 19 nanowire array were created and arranged in
a hexagonal lattice. The magnetic field of these copies was taken into account when
calculating the distribution of magnetization in the original system.
We have also applied the simple mean field (MF) model to our system [49, 50].
We assumed that the mean field produced by the array can be calculated as pM ,
where p is the porosity of the system. Strictly speaking the MF model can be applied
to homogeneously magnetized systems only. Nevertheless, it is interesting to test its
capabilities in the case of an iron nanowire array since it can substantially decrease the
numerical effort.
In sum, the following models were considered and compared:
(i) Analytical model
(ii) Micromagnetic simulation of 7 nanowires array
(iii) Micromagnetic simulation of 7 nanowires array and MF model
(iv) Micromagnetic simulation of 19 nanowires using MG approach
(v) Micromagnetic simulation of 19 nanowires using MG approach and MF model
It should be noted that the last model is likely to significantly overestimate the
value of the demagnetizing field. However, we have included it as the limit case.
In all simulations and experiments both the parallel and perpendicular orientation
of the external magnetic field with respect to the wires was considered.
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4. Results and discussion
4.1. Magnetic field parallel to the long axes of the nanowires
The calculated and measured hysteresis loops are shown in Fig. 4. It can be seen that
an increase in the size of the system (number of nanowires) has the greatest effect on
the behavior of large diameter nanowire arrays. (Fig. 4). This is connected mainly to
vortex states that appear in nanowires. These states decrease the nucleation fields of the
nanowires which make them more sensitive to the stray fields produced by neighboring
nanowires, which can be clearly seen in Fig. 5.
−2 −1 0 1 2
−1
−0.5
0
0.5
1
H [kOe]
M
/M
S 
[re
l. u
n.]
experiment
7
19 MG
7 MF
19 MG + MF
a D = 33 nm
H || wires
−2 −1 0 1 2
−1
−0.5
0
0.5
1
H [kOe]
M
/M
S 
[re
l. u
n.]
experiment
7
19 MG
7 MF
19 MG + MF
D = 52 nm
H || wires
b
−2 −1 0 1 2
−1
−0.5
0
0.5
1
H [kOe]
M
/M
S 
[re
l. u
n.]
experiment
7
19 MG
7 MF
19 MG + MF
H || wires
D = 70 nmc
Figure 4. Hysteresis loops for the arrays of Fe nanowires with diameters of (a) 33,
(b) 52 and (c) 70 nm calculated using different models and measured experimentally.
The magnetic field is applied parallel to the long axes of the nanowires.
Coercivity data are shown in Fig. 6(a). In the case of large diameter nanowires (52
and 70 nm) both analytical and micromagnetic models predict coercivity values that are
close to the experimental ones. Here we have used model that describes VDW. One can
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Figure 5. Hysteresis curves for the arrays consisting of 19 nanowires with a diameter
of 33, 52 and 70 nm, calculated using the macrogeometry model. The magnetic field
is applied parallel to the long axes of the nanowires.
see that the vortex occupies a significant volume of the nanowires with a diameter of 52
nm and almost the entire volume of those with a diameter of 70 nanometers (Fig. 7).
The vortex state almost completely determines the magnetization reversal mode of the
nanowire in these cases.
However the situation changes in the case of the wires with a diameter of 33 nm.
Analytical model which is based on the assumption that the vortex state has a major
effect on the magnetization process [32] predicts the overestimated coercivity of 1.6 kOe.
TDW model [34] gives the value of 0.97 kOe which is closer to the measured one (0.7
kOe) (Fig. 6(a)). Moreover micromagnetc calculations show the absence of the vortex
states in 33 nm nanowires. Transverse end domains arise in the nanowires caps instead
(Fig. 7(a)). Therefore one can conclude that the magnetic behavior of these wires is
not determined by vortex states, despite the fact that the diameter of the wires exceeds
7lexch. It should be noted that micromagnetic simulations hugely overestimate the value
of the coercivity. The reason may be that, in the framework of the analytical model,
wires are considered long while the aspect ratio of the numerically simulated wires is
not large enough. Introducing small distortions into the wires shape may significantly
decrease coercivity and brings it closer to the experimental values [51]. However such
approach requires a large number of finite elements and is hardly tractable for materials
with small exchange length value. As expected, the differences between the various
micromagnetic models are small since they are mainly focused on taking into account
interactions between nanowires in different ways.
Interaction field values are presented in Fig. 6(b). The analytical model does not
agree well with the experimental data. The minimal difference is observed for nanowires
of 52 nm in diameter. It is possible that for thin nanowires structural defects may
alter the interactions, while for the thick ones the analytical model does not quite
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Figure 6. The results of calculations of (a) the coercivity, (b) the interaction field
and (c) the saturation field for nanowires with a diameter of 33, 52, and 70 nm in the
framework of different models and experimental data.
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a D = 33 nm
Mx/Ms
-1.0 1.0
b D = 52 nm
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c D = 70 nm
Figure 7. The distribution of magnetization in the remanence state after applying
a saturation field along the axis of the nanowires. The diameters of nanowire are (a)
33 nm, (b) 52 nm, and (c) 70 nm. The color indicates the magnitude of the projection
of the magnetization on the horizontal oX axis. The oZ axis coincides with the long
axes of the nanowires.
accurately take into account the large vortex states which occupy a significant volume
of the nanowires. Micromagnetic models applied to the array of 33 nm nanowires lead
to the values of the interaction field that also differ from the experimental ones. Perhaps
in this case the length of the nanowires as well as structural inhomogeneities play a role.
However, the predictive capabilities of the numerical models increase with the
growth of nanowires diameters. In the case of Fe52 nanowires the calculated value of the
interaction field (7.9 kOe) is very close to the measured one (7.6 kOe). For Fe70 sample
the difference is larger but still acceptable: 12.8 kOe and 14.7 kOe for the simulation
and experiment respectively. Surprisingly, the MF approach for 7 nanowires predicts
the values of the interaction fields better than the MG model for 19 nanowires. This
may be due to the fact that the arrays of nanowires investigated experimentally consist
of randomly oriented structural domains with a characteristic length of about 1 µm
or (approximately 10 lattice periods). Therefore, taking into account only the nearest
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neighbors is more accurate than calculations made for 19 ordered nanowires by means
of MG approach, which assumes that the ideally ordered cluster consists of about 30000
wires. At the same time, a model which takes into account only 7 nanowires requires
significantly less computational resources.
The saturation field is defined as a field at which the magnetization exceeds 0.99,
or as a field in which the angle of inclination of the hysteresis loop has significantly
changed for the last time. The highest value is selected. The analytical model is in
the best agreement with the results for 19 nanowires obtained using the macrogeometry
model (Fig. 6(c)). Again we have obtained a good match between simulations in the
frame of MF model and the experiments for Fe52 and Fe70 samples.
4.2. Magnetic field perpendicular to the long axes of the nanowires
a D = 33 nm
Mx/Ms
-1.0 1.0
b D = 52 nm
Mx/Ms
-1.0 1.0
c D = 70 nm
Mx/Ms
-1.0 1.0
Figure 8. The distribution of magnetization in an array consisting of 19 nanowires
in a field applied perpendicular to the long axes of the nanowires. The magnetization
mx = 0.5, the field decreases. The diameters of nanowires are 33, 52 and 70 nm. The
calculation was carried out without using the MG model.
In the case of perpendicular orientation of the external magnetic field to the long
axes of the nanowires, the values of coercivity is negligibly small, so only the saturation
field has been analyzed. Significant deviation between the models and the experiments
is observed for the 33 nm nanowires (Table 2). Similar to the case of the parallel
direction of the magnetic field, the possible reason of such difference may be defects in
the nanowire structure and the large lengths of the nanowires studied experimentally.
As expected, the saturation field for the thickest nanowires shows a better agreement
to the micromagnetic simulation, since the analytical model is based on the assumption
of coherent rotation of the magnetization, whereas vortex states arise in large diameter
nanowires (Fig. 8). However, it should be noted that both the numerical and analytical
models suggest that the saturation field should decrease monotonically with increasing
diameter. Nevertheless, there is a nonmonotonic dependence in the experiment. We
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suggest that this dependence may be caused by different pore filling factor of the
considered samples [12]. Pore filling factor f may decrease up to 50% and hence alter
the porosity. The decrease of the effective porosity pf leads to the increase of the
saturation field which may be the case for Fe70 sample. However, the calculated and
measured hysteresis curves look qualitatively similar, as can be seen in Figure 9.
Saturation field, kOe
Approach D = 33 nm D = 52 nm D = 70 nm
Experiment 15.0 ± 0.5 8.0 ± 0.5 10.0 ± 0.5
Analytical model 9.7 8.2 6.1
Micromagnetic calculation (19 nanowires) 10.0 9.4 9.0
Table 2. Values of the saturation field obtained using different approaches; the
external field is applied perpendicular to long axes of the nanowires.
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Figure 9. Hysteresis loops for the arrays of Fe nanowires with the diameters of 33,
52 and 70 nm: experimental (a) and calculated by means of micromagnetism for 19
nanowires (b). The magnetic field is applied perpendicular to the long axes of the
nanowires.
Interestingly, the slopes of the magnetization reversal curves calculated for different
directions of the external magnetic field are similar to each other for a system of
nanowires with a diameter of 70 nm (Fig. 10). A similar behavior was observed in
Ref [52] for 3 µm lengths iron nanowires. Hence vortex states almost completely suppress
shape anisotropy of short nanowires and make them isotropic.
5. Concluding remarks
To conclude, we have studied three arrays of iron nanowires with different diameters.
Several micromagnetic models of the magnetization reversal and analytical theory have
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Figure 10. Magnetization curves for a system consisting of 19 nanowires (the field is
perpendicular to the axis of the nanowires) and for a system of 19 nanowires, calculated
using the MG model (the field is parallel to the axis of the nanowires), D = 70 nm
been compared with the experiment. The key parameters that describe the hysteresis
loops of the nanowire arrays are the interaction field and the coercivity. The former is
connected mainly to the interactions of the nanowires, whereas the latter is influenced
mostly by their individual switching field. Thus, by analyzing these parameters, it
is possible to understand the predictive capability of the theoretical models. It was
shown that vortex states have a significant influence on the behavior of the nanowires
with diameters of 52 and 70 nm. We have found out that in the case of the array of
iron nanowires which consists of randomly oriented hexagonal regions with an average
size of about 1µm, the best agreement with the experiment is reached when applying
the micromagnetic model which takes into account 7 nanowires in the mean field
approximation. Numerical models agree better with the experimental data for the thick
nanowires. This may be due to the fact that their behavior is mostly determined by
the vortex state and weakly depends on the length of the nanowires and the quality of
their structure. Therefore, more complex magnetic states provide a better agreement
between the models and the experiments.
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